INTRODUCTION
High-elevation ecosystems, above the highest reaches of vegetation, are among the most extreme terrestrial environments on Earth [1, 2] . In fact, the high Himalayas have been called the 'third pole' because of the extreme physical environment coupled with the logistical difficulties involved in exploring these regions [3] . Both the North Pole and South Pole were reached four decades before the highest peak in the world, Mount Everest, was climbed in 1953. The highest soil ecosystems on Earth are characterized by low oxygen pressure, low levels of available water, high levels of radiation and extreme temperature cycling across the freezing point [2, 4] . These physical extremes in turn lead high-elevation soils and sediments to be low in nutrients and ostensibly devoid of measurable life. However, recent work in the high Andes has shown greater than expected microbial biomass and biogeochemical cycling of nutrients even in undeveloped soils just below the permanent ice line [4, 5] ; but almost nothing is known about the responsible organisms or their global biogeographic distribution, especially in the highest mountains on Earth, the Himalayas.
Past researchers have hypothesized that life in the highest ice-free areas of the Himalayas is supported by Aeolian deposition of organic matter from lower elevations [2, 6] . However, recent work has shown that photosynthetic microbes are abundant in similar barren and dry areas of the high Andes [4] and the Dry Valleys of Antarctica [7] [8] [9] . To date, no molecular work has been done to quantify or identify microbial phototrophs in barren, high-elevation areas of the Himalayas, although algae have been cultured from such soils [10] . Barren soils are very common above elevations of about 5000 m above sea level (m.a.s.l.) throughout the Himalayas and adjacent ranges of Asia [11] , and are rapidly increasing in extent owing to glacial melting in the region [12, 13] . These seemingly barren areas, above the extent of the highest vegetation, are here referred to as the 'subnival zone', following the precedent of Troll [11] and others [5] . Despite the extent and importance of subnival zone ecosystems in the Himalayas, there have been no modern studies of their biology or biogeochemistry. Therefore, in the autumn of 2008, we undertook an expedition to explore the microbial diversity and biogeochemistry of high-elevation ecosystems of the central Himalayas. The first goal of our study was to determine the presence and identity of the microbial phototrophs of several high and dry valleys of the central Himalayas. We carried out a broad study of soils in two valleys in the rain shadow of Dhaulagiri and the Annapurna Range in central Nepal, sampling soils up to the permanent ice line of each valley.
The second goal of our study was to test the hypothesis that photoautotrophic microbes of the high Himalayas are distributed throughout high-altitude and high-latitude 'barren' soils across the globe. Our preliminary work in the Himalayas and similar sites in other high mountain ranges with prominent subnival zones [5, 14, 15] indicated that these sites had many environmental and ecological attributes similar to those of the Dry Valleys of Antarctica. Yet there have been no comparative studies of these ecologically similar but geographically distant systems. Cold, barren ecosystems such as the subnival zone are ideal for testing biogeographic hypotheses concerning the global distribution and biogeography of microbes [16, 17] because they are essentially isolated islands of the cryosphere surrounded by vast expanses of warmer ecosystems. This is especially true of the Himalayas, where the highest mountains on Earth rise out of a sea of tropical and subtropical biomes to the south. Here, we show for the first time that the dominant algal clade from culture-independent studies of the Dry Valleys of Antarctica is also abundant in the subnival zone of the high Himalayas, but that this clade shows significant genetic divergence in each of these and other extreme cold-soil ecosystems across the Earth.
MATERIAL AND METHODS
(a) Sample collection Soil samples were collected from 23 sites distributed in a nested sampling scheme, as has been applied in other barren high-elevation systems [5] , across two high valleys in the rain shadow of Dhaulagiri and the Annapurna Range in the Manang and Mustang regions of north-central Nepal.
All sites were above the highest extent of vegetation in each valley but below the permanent ice line (electronic supplementary material, figure S1 ). The highest sites sampled were located 1 km north of Thorong La (28848 0 N, 83856 0 E) on southeast facing slopes at elevations between 5486 and 5516 m.a.s.l. (electronic supplementary material, figure S1a). The medium and low sites (table 1 and electronic supplementary material, figure S1b,c) were located in the pristine and rarely visited Zun Tal Valley (28843 0 N, 83854 0 E), which is a hidden glacial valley bounded on the south by Peaks F and G and the north by Kangsartse and Lupratse [18] . All soil samples were frozen in the field and transported on ice to the laboratory for analysis within one week of sampling.
(b) Microbiological and molecular analyses DNA was extracted from the soils using the MO BIO Power soil kit (MO BIO Laboratories, Inc., Carlsbad, CA, USA). Community small-subunit ribosomal DNA was amplified using the 18S primers 4Fa-short (5 0 -ATCCGGTTGATCCT GC-3 0 ) and 1492R (5 0 -GGTTACCTTGTTACGACTT-3 0 ), and 16S primers 8F (5 0 -AGAGTTTGATCCTGGCTC AG-3 0 ) and 1391R (5 0 -GACGGGCGGTGWGTRCA-3 0 ) in separate reactions. PCR reactions were performed with 3.5 mM MgCl 2 , 0.25 mM each deoxynucleoside triphosphate, 0.4 mM each primer, 1 U Omni KlenTaq polymerase (MO BIO) and buffer supplied with the enzyme using a range of template concentrations. Thermal cycling was carried out for 25 cycles with an annealing temperature of 49 and 538C for the 18S and 16S reactions, respectively. Amplicons from three different reactions were pooled and gel-purified using isolated bands from agarose gels and QIAquick gel purification columns (Qiagen, Valencia, CA, USA). Purified products were ligated into the pcr 2.1 vector (Invitrogen, Carlsbad, CA, USA) and transformed into Escherichia coli following the manufacturer's instructions. Using blue/white screening, transformants were inoculated into a 96-well deep-dish plate containing 1.5 ml of TB Dry nutrient broth (MO BIO). Cultures were shaken at 200 rpm for 16 h at 378C and then centrifuged. Cell pellets were sent to Functional Biosciences (Madison, WI, USA) for plasmid extraction and were sequenced bi-directionally using sequencing primers T7 and M13R. Sequences were edited (vector-trimmed and assembled into contigs) using SEQUENCHER 4.6 (Gene Codes Co., Ann Arbor, MI, USA).
Sequences were aligned using the web-based SINA aligner tool (http://www.arb-silva.de/documentation/background/) before being added into ARB (v. 9.4), with the most recent SILVA reference database as a means to classify broad phylotypes [19] . Alignments were then manually checked and adjusted before filtering out hyper-variable residues (less than 45% identity) for both algal and cyanobacterial sequences. After filtering and trimming, sequences of 1205 and 1650 bp were used to construct the cyanobacterial and algal phyolgenetic trees, respectively. For the larger bacterial libraries, when a group of sequences with 97 per cent identity or greater was found using DIVERGENTSET, only one representative sequence was used for phylogenetic analysis [20] . For the algal 18S phylogeny, MRBAYES (v. 3.1) was run to convergence with one million generations, a burn-in of 2500 and temperature setting of 0.02 [21] . MRBAYES was also used for the cyanobacterial tree, with convergence reached after eight million generations, a burn-in of 20 000 and temperature of 0.015. For figure 1, the MEGA program was used to construct a neighbour-joining tree using the Kimura 2-parameter substitution model and calculate node support from 5000 bootstrap alignments [22] . The program MOTHUR v. 1.8.0 [23] was used to calculate the genetic distance matrices, and the Mantel tests were performed in R (http://pbil.univ-lyon1.fr/ade4html/mantel.rtest.html). Microbial biomass levels were measured using the chloroform fumigation method and other soil parameters were measured using standard methods as described elsewhere [5, 14, 15, 24] . Algal and cyanobacterial counts were done using epifluorescence microscopy as described elsewhere [25] .
RESULTS AND DISCUSSION
We carried out a broad study of soils in two dry valleys in the rain shadow of Dhaulagiri and the Annapurna Range in central Nepal, sampling soils up to the permanent ice line of each valley. Microbial biomass levels, measured using standard methods, were extremely low (table 1), slightly lower than levels (measured using the same technique) in soils of the Dry Valleys of Antarctica [24] , and soil moisture levels were in the same range as those of the Dry Valleys of Antarctica [8, 24] , indicating that high Himalayan soils may be among the most extreme cold-soil environments on Earth.
Microscopic examination of soils from even our highest sites revealed the presence of ovoid and filamentous photosynthetic microbes exhibiting chlorophyll autofluorescence ( figure 1 and table 1 ). Phylogenetic analysis of 18S and 16S rDNA clone libraries from these same soils revealed phototrophic microbial assemblages with high diversity (for full phylogenetic trees of see figures S2 and S3, electronic supplementary material). This was especially true for the cyanobacteria that included some undescribed and deeply divergent clades previously found in rock and barren soils of the Andes and Rocky Mountains [14, 26, 27] . Further phylogenetic analyses revealed that three phylotypes dominated the algal and cyanobacterial assemblages in these extreme soils. The algal libraries were dominated by well-supported clades in the Chlorophyceae and the Ulvophyceae (figure 2 and electronic supplementary material, figure S3 ), and the cyanobacterial community was dominated (54% of cyanobacterial phylotypes; electronic supplementary material, figure S2 ) by a well-supported, monophyletic clade equivalent to cultured and uncultured Microcoleus vaginatus [28, 29] . Given the similarity of high Himalayan soils to those of the Dry Valleys of Antarctica (table 1) , we compared the dominant terrestrial algae of these two extreme environments using the culture-independent clone libraries. The Chlorophycean clade (CP clade, figure 2) that made up 36 per cent of 18S Himalayan clones also represented 50 per cent of the 18S algal clones from Antarctic Dry Valley soils [8] . Perhaps even more significantly, the CP clade contains the only algal sequence so far amplified and cloned from cryoconite-hole sediments of the McMurdo Dry Valleys [30] . This strongly supported monophyletic clade [31, 32] also encompasses a terrestrial 'snow' alga isolated from the high (798 N) Arctic [33] and a dominant group of algae detected in clone libraries of barren soils from near the continental divide in Colorado, USA ([14] ; figure 2). Taken together, these findings are the first molecular evidence of a globally dispersed, cryophillic clade of terrestrial algae and provide a unique opportunity to test whether extreme cryophiles are genetically the same across these geographically very distant sites.
To perform such a test on the CP clade, we analysed pairwise comparisons of genetic distance versus The CP clade (Chlamydopodium -Pleurastrum) was strongly supported by both methods and has been shown to be a monophyletic clade in previous research [31, 32, 34] , although this is the first study to show their widespread distribution in cold-soil environments. Antarctic phylotypes without accession numbers are environmental sequences from Antarctic Dry Valley soils [8] , and all branches labelled 'Colorado' are from soils near the Arikaree Glacier and the continental divide [14] . The only Arctic sequence (AF514408) in the CP clade was a 'snow alga' described and sequenced by Leya [33] . Antarctic sequences with appended accession numbers beginning with FJ are from algae isolated from lake samples [34] and the only alga sequence yet amplified from cryoconite-hole sediments (AY124360 [30] ). Chlamydopodium vacuolatum (M63001) and Pleurastrum insigne (Z28972) are terrestrial algae [31, 34] , whereas Chlamydopodium sp. (EF159950) was isolated from a north temperate lake [45] .
Dry valleys of the Himalayas S. K. Schmidt et al. 705 geographical distance for all sequences from this clade. Despite the ubiquitous global distribution of the broader CP clade, it showed a highly significant isolation-bydistance pattern (p , 0.0002, Mantel test) driven by the genetic dissimilarity seen in pairwise comparisons at the intercontinental scale ( figure 3 ). There was no significant (p ¼ 0.1, Mantel test) geographical pattern at scales less than 50 km, indicating local adaptation in each region where we had enough small-scale replication (Himalayas, Rocky Mountains and Antarctica). Thus, we have shown for the first time the existence of a globally distributed terrestrial, cryophilic clade of algae that also shows evidence of geographical isolation at finer genetic scales. It is likely that this isolation-by-distance effect has resulted in endemic populations within the CP clade, as has been recently suggested for aquatic Antarctic algae [34] .
The other dominant clade of algae (53% of algal phylotypes) in our Himalayan soils is apparently not so globally abundant as the CP clade. Members of this little-studied clade within the Ulvophyceae (electronic supplementary material, figure S3 ) have also been detected in one freshwater Antarctic sample (AM109906) and in early successional soils of northern Italy (Pseudendoclonium basiliense [35] ), but their function in soil is completely unknown.
However, fresh-and saltwater members of this clade (e.g. Gomontia polyrhiza) are known to bore into shells and wood [36, 37] . Thus it is possible that these organisms survive endolithically in calcareous rocks found at our highest Himalayan sites, but much more work and data are needed to discern the function and biogeographic distribution of this mysterious group of algae.
The dominant cyanobacterial clade (M. vaginatus) in high Himalayan soils (54% of cyanobacterial phylotypes) was also the dominant clade in sites along the continental divide in Colorado (42% of cyanobacterial phylotypes), and is common in clone libraries of barren soils of the high Andes [4] . Furthermore, morphospecies of M. vaginatus have previously been reported to occur in Arctic, Alpine and Antarctic soils [38 -40] , but the present study is the first molecular phylogenetic evidence of their global pattern of distribution to barren highelevation and high-latitude sites. Pairwise comparisons of genetic relatedness versus geographical distance for all high-altitude and high-latitude environmental sequences revealed much larger within-site genetic variation in M. vaginatus compared with the CP clade, but still showed a significant global isolation-by-distance pattern (p , 0.0003, Mantel test), indicating global distribution of this clade, but some local selection for some subtypes over others. Microcoleus vaginatus is eminently suited for existence in dry soils from extreme environments because it lives colonially in protective sheathes and emerges only when water is available [40, 41] and can remain in a desiccated state for decades awaiting water pulses [40] . It remains to be seen whether the two dominant algal groups (the CP clade and the Ulvophyceae clade) discovered in the present study possess survival traits similar to those of the well-studied M. vaginatus.
The present study also raises the question of whether microbes in extreme environments are actually functioning there or are being constantly deposited from elsewhere (and thus end up being found in clone libraries and culturing efforts even if they cannot function in those environments [42] ). At present, this remains an open question for soils of both the high Himalayas and the Dry Valleys of Antarctica, but there is accumulating evidence that photoautotrophs and chemoautotrophs can function in similar extreme soils of the high Andes and Rocky Mountains [4, 14, 43] . In addition, our phylogenetic analyses (e.g. figure 2 ) revealed that members of the CP clade are monophyletic and may comprise a family of organisms (as noted by the presence of sequenced representatives from two separate genera, Pleurastrum and Chlamydopodium, within the same polytomy). Future work using the ITS region may help resolve species-level relationships within this clade (cf. [44] ). Additionally, members of the CP clade do show a unique and significant isolation-by-distance effect of their genetic signature by region ( figure 3) , indicating endemism. The M. vaginatus clade shows less genetic differentiation at distant sites compared with local sites (data not shown), indicating either the functioning of multiple and similar subclades at each site or constant global dispersal of dormant structures. Given the known distribution of M. vaginatus in the world's major deserts, it is reasonable to assume that its dormant dust-borne propagules are being constantly deposited in areas where they may not be able to function. By contrast, the CP clade is not a known desert dweller [45, 46] , nor are any dormant structures known for the few studied species in this clade [32, 45] .
Overall, our results demonstrate that previously unexplored periglacial soils of the high Himalayas contain microbial biomass levels and phototrophic microbes similar to the Dry Valleys of Antarctica. Perhaps the most important discovery of this study was the ubiquity of the algal CP clade in the high Himalayas, the high Arctic, the Dry Valleys of Antarctica and along the North American continental divide. This finding highlights the other similarities between these environments, and paves the way for future comparative studies of both the common organisms and environmental variables of these extreme systems. The ubiquity of the CP clade in these extreme environments also makes it an excellent candidate for future physiological and genomic studies aimed at understanding adaptations to, and primary production in, the extreme cryosphere. Such studies would illuminate the environmental limits for photosynthetic life on Earth, and perhaps elsewhere in the universe.
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